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Abstract 
     
       Optical vortex has an annular spatial profile arising from on -axis phase 
singularity, and it also has an orbital angular momentum of light owing to its 
helical wavefront. The optical vortex has been employed in various fields, for 
instance, optical manipulation, materials processing, and super -resolution 
microscopy. Widely tunable optical vortex sources, allowing us to match the 
absorption band of target materials, have been greatly desired for the above-
mentioned applications. 
       During my Ph.D study I investigated the topological charge transfer 
property of the optical vortex pumped optical parametric oscillator, and I also 
extend the optical vortex laser frequency from visible region to the mid-
infrared region. 
       First of all, I investigate the conservation of an orbital angular momentum 
of the optical vortex in an optical parametric resonator which formed by the 
singly resonant cavity configuration (with spatial folding mirror). Results of 
the system as follows:  
       Secondly, asymmetric topological charge transfer from the pump beam to 
the signal or idler output occurred by changing cavity configurations. 
       With this system, a tunable vortex output was obtained in a wavelength 
range of 850 – 990 nm (1130 – 1301 nm) by controlling the temperature of the 
LBO crystals. Tuning range of first order optical vortex output 850 – 990 nm 
(signal) and 1130 – 1301 nm (idler) was also achieved. The vortex output was 
prevented within a wavelength region of 990 – 1130 nm, owing to a double 
resonance of the signal and idler output.  
 5 
       A maximum signal (idler) vortex pulse energy of 0.9 mJ (0.2 mJ) was 
achieved at a pump energy of 9 mJ, corresponding to an optical -optical 
efficiency of around 10% (2%).  
       On the other hand, I developing successfully an octave-band tunable 
optical vortex laser source in visible - mid-infrared region by employing 
532nm optical vortex pumped optical parametric oscillator  with an extended 
cavity configuration. Results of the system as follows:  
       I have successfully demonstrated, for the first time, an octave -band 
tunable optical vortex laser with milli-joule level pulse energy constructed 
from a 532 nm vortex pumped NCPM-LBO OPO with a simple linear cavity 
configuration. 
       The maximum optical vortex pulse energy 2.36 mJ (signal) – 0.24 mJ 
(idler) was achieved. 
       Asymmetric topological charge transfer took place from the  pump beam 
to the signal or idler beams, resulting in tuning ranges of 735–990 nm and 
1130 –1903 nm, respectively.  
       Finally, the key results of the experimental and numerical work presented 
in this thesis are summarized, and the potential avenues of future work are 
briefly explored. 
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Chapter 1 
 
1. Introduction 
 
1.1. Historical background of orbital angular 
momentum 
    
        At the end of 20 century, Allen’s research group recognized that angular momentum of 
light beams can generated, both of the spin angular momentum and orbital angular 
momentum have a history prior to this [1-3]. 
        The prehistory of the orbital angular momentum of light is former to 1992. Usually a 
lots of atomic transitions are dipolar, it means that emitted photon could be carry angular 
momentum of ħ. It have already see clearly since at last century. It should note that, after this 
theoretical discovery of the existence of orbital angular momentum of lights, the subsequent 
study of the orbital angular momentum has been investigated ever closer to the work on 
optical vortices reported by Nye and Berry 40 years ago [4]. 
        The key point is orbital angular momentum having a helically phase structures beams, 
and hence must easily generated in a laboratory. However, because the line of singularity 
shoulders less photon energy, it could no momentum and no angular momentum, either. Thus, 
we also notice that the orbital angular momentum is originated from the light field 
surrounding the singularity, not from the singularity itself.  
        The optical angular momentum expresses the amount of dynamical rotation involved in 
the optical field. Indeed, a light beam, traveling approximately in a straight line, is also 
“spinning”, or “twisting” around its own axis. Such rotation of the light is invisible to the 
naked eye, however, it can be visualized by the interaction between the optical field and 
matter. The total angular momentum of light (more generally, the electromagnetic field) and 
matter must be generally conserved in time. However, two helicities (rotation) of a light beam 
exist actually, namely, its helical polarization and its helical wavefront. These two forms of 
helicity are hence associated with two different angular momenta, respectively, termed a spin 
angular momentum (SAM) and an orbital angular momentum (OAM) [5].  
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1.2. Optical vortices and it is applications 
 
        An optical vortex, known as a screw dislocation, carries an optical singularity originated 
by its spiral phase wavefront. The optical vortices propagate in a straight line, and their spiral 
wavefronts spin around the optical axis like a corkscrew.  
 
 
 
Fig. 1.1 Basic concept of optical vortex 
 
        Topological charge, generally an integer, is defined as how many times the light twists 
during one wavelength of propagation. The (positive or negative) sign of topological charge 
is determined by the direction of the twist. The higher topological charge means that the light 
is spinning faster around the axis. 
        The most conventional example for such a light beam is the Laguerre-Gaussian (LG) 
mode. As shown in formula 1.1 the light beams with an azimuthal phase structure exp(il), 
where l is called the topological charge, it is commonly taking an integer based on the 
periodic boundary condition in the cylindrical coordinate system and exhibits orbital angular 
momentum of lħ per photon, and is the azimuthal angle, is carried by helical light, i.e., 
optical vortices [6-10]. 
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        As shown in Fig 1.2 the helical phase structure of an optical vortex on the right column. 
For any l, the light beam has l intertwined phase fronts. The magnitude of an l corresponding 
to the number of times l of the 2π phase variation along the azimuthal direction ϕ and the 
sign of the orbital angular momentum is indicates the helicity of intertwine with respect to 
the beam direction (left column in figure 1.2). There are also showed the corresponding phase 
profiles of the optical vortex beams having orbital angular momentum l, of +1,+2,-1,-2, 
respectively. The helical phased optical vortex beams with orbital angular momentums have 
annular intensity profiles due to the phase singularity in the transverse plane (right column 
in the figure 1.2). 
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Figure 1.2 Helical structured phase fronts (left column), phase profiles (center column) and 
corresponding intensity profiles (right column) of the optical vortex beams having orbital 
angular momentum l, of 0, +1, -1, +2, -2, respectively. 
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        Optical vortex beams have been potentially applied in many areas such as space division 
multiplexing optical telecommunications [11], LIDAR (laser detection and ranging) systems, 
microscopies with high spatial resolution beyond the diffraction limit [12-14] (see Fig. 1.3), 
optical tweezers, optical trapping and manipulations [15-17] (see Fig. 1.4), super-resolution 
microscopes [18], spectroscopies [19, 20], and materials processing [21, 22]. 
 
 
 
 
Figure 1.3 Point spread function analysis for an objective [14] 
 
        Vortex beams, namely, radially or azimuthally polarized beams, exhibit the annular 
intensity distribution with dark ‘core’, compensated by superimposing Gaussian beam, and 
they also have great potential to be utilized in laser beam shaping. The resulting top-flat 
spatial profile might be employed in fields, for instance, optical data storage, photo-
lithography, and medical treatments. 
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Figure 1.4 Trapping and rotation of particles in light fields with optical vortex [17] 
 
 
 
 
Figure 1.5 Scheme for super-resolution microscopy based on fluorescence depletion 
technique using the optical vortex. The pump and “doughnut-shaped (Optical vortex)” erase 
lights are coaxially overlapped onto the sample. [25] 
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        Especially, optical tweezers utilizing helical wavefront of optical vortex are very 
attentive. When the particles in the water solutions are irradiated by the optical vortex, they 
can revolve in the same direction of the orbital angular momentum (see Figure 1.4). Further, 
the optical trapping technique for submicron-sized particles has been demonstrated by 
employing the multiple vortices, which have several phase singularities in a wavefront. This 
technique has a potential to design independently several optical traps with individual 
characteristics by using one beam [23].  
        The effects of lights, carrying spin and orbital angular momentum, on a particle are also 
presented by M. J. Padgett [24]. An optical beam with spin angular momentum (without 
orbital angular momentum) induces a particle to spin axially around its own center of mass. 
In contrast, an optical beam with orbital angular momentum (without spin angular 
momentum) forces a particle to rotate in orbit around the center of the beam. 
        Super-resolution fluorescence microscopy has been successfully demonstrated, so far. 
Fluorescence is depleted through stimulated emission in the spatially overlapping part of the 
pump beam (Gaussian beam) and erase beam (optical vortex), thereby improving the spatial 
resolution of the fluorescence signal [25].  
         
 
 
Fig. 1.6 Chiral structure of nano-metal [26] 
 
        Another new direction of the application of an optical vortex is chiral nano-needle 
fabrication. Most recently, my co-workers found that the orbital angular momentum of the 
optical vortices can force an irradiated sample to form twisted nanostructures (termed chiral 
nanostructures); and the chirality (i.e., twisted direction) of such nanostructures can be 
selectively reversed only by inverting the sign of the orbital angular momentum [26-29]. 
Such a chiral nanostructures created by the illumination of an optical vortex will allow us to 
pioneer new generation materials science, for instance, photonics and plasmonics. They 
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might also be potentially useful to selectively assign the chirality of nanoscale molecules and 
composites.  
 
 
 
Fig. 1.7 A chiral nano-needle [28] 
 
      Also, the chirality of the nanostructures was directly determined by the handedness 
(twisted direction) of the wavefront of the optical vortices. The above mentioned applications 
require strongly the wavelength versatility of the optical vortex sources, so as to meet the 
absorption band of the various target materials. 
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Fig. 1.8 Chiral material fabrication using a vortex beam (a), (b) AFM images of the surface 
relief formed by optical vortex irradiation with j = ± 1, respectively [29] 
        
 
 
 
 
Fig. 1.9 Absorption band of various materials. 
 
        To data, we have successfully demonstrated tunable mid infrared optical vortex from 
optical vortex pumped optical parametric oscillator, formed by KTiOPO4 (KTP) crystal with 
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a plane parallel cavity configuration [30]. We also investigated tunable infrared optical vortex 
laser by combination of optical vortex pumped optical parametric oscillator (OPO) plus 
difference frequency generation (DFG) [31]. Tunable near infrared optical vortex is quite 
useful for material processing and quantum information. 
 
1.3. Thesis overview 
 
       In this thesis, I propose to investigate the topological charge transfer property of the 
optical vortex pumped optical parametric oscillator with different cavity configurations, such 
as singly resonant cavity, double resonant cavity and plan parallel cavity. The most important 
thing is I have successfully extended lasing frequency of the optical vortex laser from visible 
– mid infrared region.  
       In the chapter two, I will review a backgrounds and theory of angular momentum of light 
(spin and orbital angular momenta). In this chapter I also further explain the Gussian mode 
and optical vortex mode, as well as several useful methods (spiral phase plate, mode 
converters formed from cylindrical lenses, and so on) to generate optical vortex with helical 
wavefront. 
       In chapter three, I will mention fundamentals of optical parametric oscillator. Basic 
concept of optical vortex pumped optical parametric oscillator, different type of optical 
parametric laser cavity. Advantages and disadvantages of singly resonant cavity and double 
resonant cavity configuration; main factors influence of optical parametric oscillations.  
       New method to generate widely tunable optical vortex from optical parametric oscillator 
will be discus in chapter four. 
       In chapter five, I report on the first demonstration, to the best of my knowledge, of an 
octave-band tunable optical vortex laser with milli-joule level pulse energy (maximum vortex 
output pulse energy is: 2.36 mJ) constructed from a 532 nm vortex pumped NCPM-LBO 
OPO with a simple linear cavity configuration. Asymmetric topological charge was 
transferred from the pump beam to the signal (or idler) beam, resulting in tuning ranges of 
735-1903 nm (from visible region to near infrared region), respectively. 
       In chapter six. I will summarize of my study and provide new idea for next step and 
discus how to develop current research.  
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Chapter 2 
 
2. Angular momentum of light 
 
2.1. Gaussian beam 
 
        Gaussian beam is a fundamental eigen mode of monochromatic electromagnetic 
field with a transversely spatial form given by the Gaussian function. The lasers exhibit  
mostly such Gaussian spatial form (termed TEM00 mode) and its output can be focused to be 
a concentrated circular spot. The Gaussian beam is characterized by a single parameter called 
beam waist ω0. At any position z relative to the beam waist (focus) along a beam propagation, 
the field amplitudes and phases of the Gaussian beam are determined as detailed below [1]. 
 
 
 
Figure 2.1 Intensity profile of Gaussian beam [1] 
 
        In the below listed equations, a beam with a circular cross-section at any z is assumed 
(this assumption can be understood by noting that only a single transverse dimension r is 
used.). Beams with elliptical cross-sections (i.e., astigmatic beams with waists at different 
positions in z) can also be expressed as Gaussian beams, but with different beam radii ω0 and 
the z = 0 locations along the two transverse directions x and y. 
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        Any solutions of the paraxial Helmholtz equation in a Cartesian coordinate can be given 
by super-positions of Hermite–Gaussian modes (whose amplitude profiles in x and y axes 
can be separated in Cartesian coordinates).  In a similar manner, any solutions in a cylindrical 
coordinate are written by super-positions of Laguerre–Gaussian modes (whose amplitude 
profiles in r and θ axes are separable.). At any point along the beam propagation direction z, 
these modes are considered as the Gaussian mode with the additional geometrical factors for 
the specified mode, however, individual modes experience an individual Gouy phase. Thus, 
the actual transverse intensity profile is determined by super-positions of modes evolving 
in z, whereas the spatial form of a single Hermite–Gaussian (or Laguerre–Gaussian) mode, 
e.g. eigen mode, remains unchanged along a beam propagation. 
 
 
 
Fig. 2.2 Spatial form of the Gaussian modes. 
 
        Although other possible modal decompositions exist, these families of solutions can be 
mostly adopted to confined beams, in which the optical power is rather closely collected 
around an optical axis. Even though a laser does not operate in the Gaussian mode, its power 
will actually be expressed by super-positions of several lowest-order modes using these 
decompositions, as the higher-order modes will generally experience a fractional diffraction 
loss in a laser resonator (cavity). In general, “Gaussian beam” means optical radiation energy 
confined to the fundamental Gaussian mode. 
 
2.2. Annular intensity beam and angular 
momentum 
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        Optical vortex laser, showing a spiral wavefront with phase singularity characterized 
by topological charge, has been potentially applied in various fields, including optical 
trapping, and chiral nanostructures fabrication.  
        The most conventional example for such a light beam is the Laguerre-Gaussian (LG) 
mode. The helical phased beams with a azimuthal phase structure exp(ilϕ), where l is called 
topological charge commonly taking an integer value based on the periodic boundary 
condition and exhibits orbital angular momentum of lħ per photon [2, 3].  
        In free space, The Maxwell’s equations can: 
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        Now take a curl for the third term of the Equation of (2.1) and eliminate H  by 
using the last term of the Equation (2.1). This leads to 
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        Above we had used the expressions D E  and B H . 
        In this section, we will find solution of this equation in the form of an optical beam. 
Expand the first term of the Equation (2.2) and after modify, we can obtain 
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        The term on the right side of Equation (2.3) can be neglected provided the fractional 
change of   in one wavelength. In this case, the wave equation in the uniform material can 
be written as 
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       This formula is known as the Helmholtz equation. Where k is the wave number, 
expressed by 
2
k


 . For a beam like paraxial solution in Cartesian coordinates, the general 
solution for the electric field takes the form of 
 
( , , , ) ( , , )exp[ ( )]E x y z t u x y z i kz t               (2.5) 
        
       In the Cartesian coordinates put the electric field Equation (2.5) into the Helmholtz 
equation (2.4) and applying approximation known as slowly varying amplitude 
approximation 
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       An Eigen function of the paraxial wave equation in the Cartesian coordinate system (x, 
y, z) is Hermite-Gaussian (HG) mode given by 
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       Where Hn (x) and Hm (x) are denote the Hermite polynomials, E0 is a constant electric 
field amplitude, w(z) is the beam west, R(z) is the curvature radius, and  (z) is the Gouy 
phase, respectively. n and m of mode index of x and y axes are positive integers. For n=m=0, 
this formula reduced to the well- known fundamental Gaussian beam solution 
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       Laguerre-Gaussian (LG) mode is obtained by solving paraxial wave equation in a 
cylindrical coordinate system. For beamlike paraxial solution in cylindrical coordinates, the 
electric field can be written as 
 
( , , , ) ( , , )exp[ ( )]E r z t u r z i kz t                  (2.9) 
 
       Substitute the Equation (2.9) in to the Helmholtz equation (2.4) and applying the slowly 
varying envelop approximation leads to 
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Laguerre-Gaussian beams are given by 
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       Where 
l
pL  is the associated Laguerre polynomial. The azimuthal phase term, exp(-ilϕ), 
distinguishes the Laguerre-Gaussian from the Hermite-Gaussian modes, and it provides 
theoretically a defined orbital angular momentum of lħ per photon. For l=p=0, the 
fundamental Laguerre-Gaussian beam is exactly same as to the fundamental Hermite-
Gaussian beam. For l ≠ 0, the LG mode has a vortex phase term exp(ilϕ). LG modes with p 
= 0 exhibit single annular rings with a defined azimuthal phase characterized by l. For p > 0, 
the modes have a multiringed profile with p + 1 equal to the number of radial nodes, and they 
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are also shown in figure 2.3. 
 
 
 
Fig. 2.3 The low-order optical-beam profiles of Hermite and Laguerre-Gaussian modes. 
 
2.3. Optical vortex generation by use of spiral 
phase plate (SPP) 
        
         In this part, I will explain basic concepts of the vortex output generation from a spiral 
phase plate. 
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Figure 2.4 Sketch of the spiral phase plate [4] 
 
        One of the most useful and promising methods to generate helical phase beam is by 
utilizing Spiral Phase Plate (SPP). Common method to generating a vortex beam is to pass a 
plane wave beam through an optical element with a helical surface, such as SPP, is to use a 
transparent material, the thickness of which increases linearly with azimuthal angle ϕ [4]. 
When the optical beam with a wave length of λ transmit through the phase plate, the phase 
delay Ψ will be depicted as: 
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        Where n1 and n2 are the refractive indices of the phase plate and surrounding media 
respectively and h is the height of the plate as shown in the figure 2.4.  
        To generate the Laguerre-Gaussian modes, the phase delay of the incident beam around 
the phase plate must be an integer multiple of 2πl, this is a conceptual request for generating 
the helical phased optical vortex modes. According to this conceptual request for generating 
a Laguerre-Gaussian mode, the physical height of the phase plate is given by 
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        If the height of the step corresponds to a phase difference of 2πl, then the phase plate 
will provide an azimuthal phase profile of exp(ilϕ) to an incoming wave front. If the incident 
beam is a Gaussian beam without any orbital angular momentum, then an outgoing beam 
with lħ units of orbital angular momentum per photon will be generated as shown 
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        Many researchers has been performed the generation of a helical phased optical vortex 
beam by the use of spiral phase plate [5-8]. 
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Chapter 3 
 
3. Fundamentals of parametric 
process and oscillators 
 
3.1.  Optical parametric oscillator (OPO) 
 
        An optical parametric oscillator (OPO) [1] is a laser source based on second-order 
nonlinear parametric gain rather than stimulated emission. In a similar manner as a 
conventional laser, the OPO exhibits a lasing threshold for the pump power, and its output 
power is negligible (only some parametric fluorescence) below the threshold. 
        The OPO has an attractive feature such as the wavelength tunability of the signal and 
idler outputs, provided by a phase-matching condition, and it enables us to extend lasing 
wavelengths (e.g. towards the mid-infrared, far-infrared or terahertz region), to be difficult 
or impossible to be generated directly from any conventional lasers. Also, the OPOs allow 
the wide wavelength versatility, therefore, they are very valuable, for instance, for 
laser spectroscopy. 
        The OPO requires frequently a pump source with high optical intensity and relatively 
high spatial quality, therefore, a solid-state or fiber laser is mostly used for a pump source of 
the OPO (the direct use of a laser diode is inhibited).  
        The OPO converts an input beam (called "pump") with a higher frequency ωp into two 
(signal and idler) output beams with lower frequencies (ωs and ωi) through second-
order nonlinear optical interaction. The sum of the signal and idler frequencies is equal to the 
pump frequency: ωs + ωi = ωp. In general, the two outputs are called "signal" and "idler" 
outputs, where the higher frequency output is called signal output. In a “degenerate” OPO, 
the signal and idler output frequencies become a half of the pump frequency, ωs + ωi = ωp / 
2. If the nonlinear crystal is located inside a cavity so that it provides the lasing of the signal 
or idler outputs (or both), the optical parametric gain induces a simultaneous lasing at the 
signal and idler wavelengths.  
         
 34 
 
 
Figure 3.1 Schematic diagram of an optical parametric oscillator, the pump beam at ω3, 
giving rise to oscillations at ω1 and ω2 (ω3=ω1 +ω2) in an optical cavity that contains the 
nonlinear crystal. 
 
        Figure 3.1 showed schematic diagram of an optical parametric oscillator. Basically 
optical parametric oscillator is composed of an optical resonator (input and output 
mirrors) and a nonlinear crystal. The optical cavity plays a role to lase at least one (or both) 
of signal and idler outputs. In the nonlinear crystal, the pump, signal and idler outputs 
spatially overlap with each other. The nonlinear interaction between these three waves 
produces parametric amplitude gain for signal and idler outputs, resulting in energy depletion 
of the pump beam.  
        The parametric gain allows the signal or idler (or both) output(s) to lase in the cavity, 
overcoming the cavity loss that the lasing output(s) experience(s) during a round-trip. This 
cavity loss includes the coupling loss of the output mirror, which provides the desired signal 
or idler output. When the parametric gain, proportional to the pump power, reaches a 
specified lasing threshold level, the OPO starts to oscillate. Above threshold, the parametric 
gain also depends on the amplitude of the lasing signal (or idler) output. Thus, under steady-
state operation, the amplitude of the lasing output must be determined by the constant 
parametric gain, which equals the constant cavity loss. The lasing output also is enhanced as 
the increase of the pump power [10]. 
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Figure 3.2 Schematic diagram of a three conservation law in optical parametric oscillator 
 
       In the case of OPO, the energy and momentum are conserved between the pump and 
outputs, once a nonlinear crystal pumped by optical vortex beam the topological charge was 
also conserved between pump and signal, idler photons (see Fig 3.2). 
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Figure 3.3 (a) Optical pumped three-level laser, and (b) three-photon optical parametric 
process. 
 
        The basic oscillator configuration is, therefore, extremely simple, as shown 
schematically in Figure 3.3. It is completely analogous to that of conventional lasers, expect 
that the active medium is an optically pumped nonlinear optical crystal and no unique set of 
discrete energy levels of the medium is directly involved in converting the pump photons 
into the signal and idle photons. 
        The tunability of the optical parametric oscillator comes about as follows. As in any 
multi-photon process, energy in the process is always conserved: ω1 + ω2 = ω3. However, in 
going from one high frequency to two lower frequencies, the split in not unique. As long as 
the sum is conserved, ω1 or ω2 can each have basic tenability of the optical parametric process. 
The specific of frequencies resulting from each ω1 is ultimately determined by the photon 
momentum conservation condition also known as the phase-matching condition, k3= k1 + k2, 
taking into account the material relative to the direction of propagation of the waves; in doing 
so, the corresponding birefringence can be tuned, which in turn tunes ω1 and ω2. 
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        The optical parametric oscillator is in many ways analogous to the optical pumped 3-
level laser (Fig 3.3). Thus, many of the techniques and device physics issues for lasers such 
as the exact mode properties, the transverse and longitudinal mode field distributions. In the 
laser, because the radiative process involved are single-photon transition and because of the 
possible involvement of nonradiative transition, the temporal and spatial coherence 
properties of the laser output are not directly relate to those of the pump radiation. Also 
because the laser involves three single-step resonant transition while the parametric process 
involves a single three-photon transition, the cross-section for the parametric process are 
generally much smaller than those for the stimulated emission process in laser. The threshold 
for oscillation is, therefore, generally much higher for OPO’s than that for the laser. On the 
other hand, above the threshold for oscillation, the OPO can be a very efficient device 
because there is no non-radiative process involved; there is in principle no loss. The quantum 
efficiency of the OPO can potentially by 100% with all the absorbed pump photons converted 
to useful output photons [10]. 
        The photon conversion efficiency, i.e., the number of signal and idler output photons 
relative to the number of incident pump photons can be made relatively high, in the range of 
tens of percent. The threshold pump power, determined by the cavity losses, the lasing 
frequencies of the signal and idler outputs, and the nonlinearity of the nonlinear material, is 
typically ranged in tens of milliwatts - several watts. In general, several watt output powers 
can be achieved in both continuous-wave and pulsed OPOs. In particular, the pulsed OPO 
are relatively easier to be established, because the high intensity (high parametric gain) lasts 
only during a short time duration so as to prevent to damage the nonlinear crystals and the 
cavity mirrors in comparison with a continuous high intensity [10]. 
        The three wave interaction can be described by a coupling wave equation. We will 
consider a phase-matched frequency convertor and neglecting the diffraction loss effects. 
Such a converter is described by the following equations: 
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        Equation (3.1) describing the traveling-wave parametric interaction inside resonator. 
The magnitudes of the spatial distributed loses constants α1 and α1 must then be chosen so 
that they account for the actual losses in the resonator including losses caused by the less 
than perfect reflection at the mirrors, as well as distributed loss in the nonlinear crystal and 
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that due to diffraction. If the parametric gain is sufficiently high to overcome the losses, the 
steady state oscillation results given by 
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        In this case, the power gained via the parametric interaction just balanced the losses. 
Purring d/dz = 0 in to the equation (3.1) leading  
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        The condition for nontrivial solutions for A and A is that the determinant of equation 
(3.3) vanishi, and therefore, 
 
2
1 2g                                (3.4) 
                 
This is the threshold condition for parametric oscillation. 
        We have shown above that the pair of signals and idler frequencies that are caused to 
oscillate by parametric pumping satisfy the condition Δk=k3-k1-k2=0. Using ki=ωini/c, we 
can write it as 
 
3 3 1 1 2 2n n n                      (3.5) 
 
       In general, the refractive indices of a crystal depend on the frequency, crystal 
orientation, electric field, and temperature. If we tune the crystal orientation in the cavity, the 
lasing frequencies will be changed so as to cancel out the indices change, and it will be 
satisfied at the new frequencies. Such an angular dependence can be employed as a tuning 
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mechanism for tunable OPO. 
        The early theoretical investigation of the OPO was explained in 1962 [2]. The 
observation of coherent, tunable, optical parametric oscillation was also invested in 1965 [3]. 
They have been observed in lithium metaniobate in the wavelength range 970 nm to 1150 
nm, with optical pumping at wavelength 529 nm, these experimental results suggest that the 
OPO enables us to continuously tune the lasing frequencies in a visible and near infrared 
regions. Namely, the OPOs has an attractive feature, that the signal and idler wavelengths 
can be varied in wide tunable ranges. Thus, it is possible to extend the wavelengths (for 
instance, in the mid-infrared, far-infrared or terahertz region) [4-7], which are difficult or 
impossible to be directly generated from conventional lasers. 
       In principle, the optical parametric oscillator can consist simply of a nonlinear optical 
crystal and two mirrors forming a Fabry-Perot cavity, as shown in Fig 3.3. Tuning is achieved 
by simple rotation of the crystal. Practical OPOs are not much more complicated than that. 
There are two basic types of OPO: the singly resonant oscillator (SRO) in which only the 
signal wave is resonated while the idler wave is lost from the cavity on each passage, and the 
doubly resonant oscillator (DRO) in which both the signal and idler waves are resonated. The 
SRO has higher threshold for oscillation, but is inherently stable. The DRO has lower 
threshold for oscillation, but tends to be highly unstable with the output often consisting 
mainly of random spikes much like some of the flash lamp-pumped solid state laser that are 
not Q-switched unless special cavity-stabilization schemes are employed [10].        
 
3.2. Singly-resonant oscillator (SRO) 
 
        Most optical parametric oscillators are singly resonant, i.e., they work as a cavity for 
either the signal or the idler wavelength. (Dichroic cavity mirrors (or some polarizing optics) 
provide relatively high cavity losses to the non-resonant output, to prevent significantly 
optical feedback.) In the singly resonant optical oscillator, the Fabry-Peror cavity mirrors 
reflect at only one of the down-converted wavelengths, which is by convention somewhat 
arbitrarily designated as the signal wave in the case of oscillators. The cavity mirrors in the 
SRO, therefore, typically reflect the signal wave and transmit the idler and pump waves. In 
some cases where the pump wavelength is in the ultraviolet, because of mirror coating 
damage considerations, the pump beam might not be brought in and out of the cavity through 
the cavity mirrors but by separate beam-steering mirrors that reflect the pump beam but 
transmit the signal and idler waves, as shown Figure 3.4. Apart from these practical 
considerations, all OPO’s have the same basic configuration.  
        Given the basic oscillator configuration in the form of a nonlinear optical crystal in a 
Fabry-Perot cavity, the lasing threshold can be given by applying the appropriate boundary 
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conditions. With the amplitude reflectivities of the cavity mirrors at the input (z = 0) and the 
output (z = effective cavity length, L), r1 and r2, respectively, the boundary conditions are 
given as follows: 
 
Es (0) = r1r2Es(L)         and          Ei (0) = 0            (3.6) 
 
Applying to these to the solutions, Eqs. (3.7) and (3.8) 
 
E2 (z) = Es (0)    cosh     gz,                         (3.7) 
 
E3 (z) = i
𝑛2
𝑛3
 √
𝑘3
𝑘2
 Es*(0)    cosh     gz.                         (3.8) 
 
Es (L) = Es (0)  cosh  gL = r1r2Es (L)  cosh  gL, or  1= r1r2  cosh  gL.     (3.9) 
 
        For the SRO, there is no feedback of the idler wave. Substituting the expression for gain 
g, Eq. (3.10), in Eq. (3.9) gives the general oscillation threshold condition for the SRO.  
 
g = 
2𝜋|𝑑𝑒𝑓𝑓||𝐸𝑝|√𝑘2𝑘3
𝑛2𝑛3
      (3.10) 
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Figure 3.4 Schematic of OPO with nonlinear crystal and beam-steering arrangement. TA = 
tuning axis, PM = pump mirror, M = signal mirror, S = Pointing vector.  
 
 
 
Figure 3.5 Schematic of singly resonant optical parametric oscillator for signal output. 
 
         A useful form of the condition that in the limit of small gL or the high mirror-reflective 
case. In this limit and assuming the two mirror reflectivities are the same, r1 = r2 = R1/2, Eq. 
(3.11) gives the oscillation threshold condition of a singly resonant OPO: 
 
 
 
        Where the λs are the free-space wavelength. As a numerical example, for a nonlinear 
optical crystal. With the large variety of pump sources and nonlinear crystals now available, 
singly-resonant OPO’s are becoming commonly available source of broadly tunable coherent 
radiation. 
        The effective parametric interaction length may, however, be shorter than the physical 
length of the nonlinear crystal. The limiting length is often the so-called walk-off length if it 
is shorter than crystal length. This is because both ordinary and extraordinary waves are 
always involved in the phase-matching condition. For ordinary waves, the phase velocity or 
the wave vector is in the same direction as that of the Pointing vector. For the extraordinary 
wave, this is in general not the case except along the principle axes. As a result, the beam 
 42 
envelopes of the ordinary and extraordinary waves will walk-off from each other if the phase-
velocities are matched in the same direction [10]. This could well limit the effective 
interaction length. There are situation where the optimum condition requires noncollinear 
phase-matching in order to maximize the interaction length by aligning the group velocities 
[8-10]. When curved cavity mirrors are used and the oscillation direction is not restricted by 
the cavity in one particular direction as in Fabry-Perot cavities consisting of plane mirrors, 
there are situations where the OPO will automatically optimize itself by oscillating in the 
direction where the Poynting vectors are aligned corresponding to noncollinear interaction 
as far as the phase-velocities are concerned. 
 
3.3. Doubly-resonant oscillators (DRO) 
 
        Doubly resonant OPOs, in which both signal and idler are resonant with a single-
frequency pump laser, is also established. 
        The doubly resonant OPOs with an advantage of much lower lasing threshold is 
attractive, in particular, for continuous-wave operation. However, the frequency tuning 
behavior is rather complicated. Namely, even when the crystal temperature or pump 
wavelength is continuously tuned, the signal and idler wavelengths undergo frequently jumps. 
This behavior is originated by that the lasing wavelengths are determined mainly by the 
requirement for simultaneous lasing for signal and idler outputs together with a phase-
matching condition. 
        In the doubly-resonant oscillators, the mirrors reflected both the signal and the idler 
waves. The corresponding boundary conditions are: 
 
Es (0) = rs1rs2Es (L),       and     Ei (0) = ri1ri2Es (L),        (3.12) 
 
Instead of (3.6).  
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Figure 3.5. The direction of the Poynting vector is normal to the k-vector surface. Thus, for 
phase-matched waves, the Poynting vectors of the ordinary and extra-ordinary waves are in 
different directions, leading to the walk-off effect. 
 
        Yields the threshold condition in the case of small gL and assuming Rs = Ri = R: 
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        Since R can be well over 90%, for example, (3.14) shows that the threshold pump 
intensity required for the DRO can be significantly smaller than that for the SRO. There is, 
however, a very important trade-off consideration. The stability of the DRO in usually not 
good. In fact, the outputs of most cw quasi-cw type of DROs are often ruby or other solid 
state laser without Q-switching. 
 
 
 
Figure 3.6 Simple schematic diagram of double resonant cavity configuration 
 
        The explanation for the instability in the DRO is that it is more sensitive to cavity length 
fluctuations because there are two cavity-resonance conditions to be satisfied simultaneously 
leading to the so-called clustering effect. This is shown schematically in Figure 3.5 where 
the resonance for the idler modes is shown as a function of ωp - ωi = ωs. Due to dispersion in 
the intracavity optical components, the spacing between these resonances are in general not 
the same as that of the resonances fir the signal wave. The OPO can only oscillated at where 
the resonance from both sets are within the widths of these resonance [10].   
        Fluctuations is the cavity length, for example, would cause the oscillating cluster to 
jump among the possible signal and idler modes leading to strong intensity fluctuations. 
Stabilization of the cavity-length by feedback-control can reduce this type of instability and 
lead to low oscillation threshold for DRO’s [11]. Detailed experimental and numerical 
modeling of SRO and DRO cw OPO’s have recently been reported [12, 13]. In particular, 
Yang et al. have examined the issue of OPO frequency stability in the SRO-to-DRO transition 
region and shed light on the compromise between oscillation threshold and frequency 
stability as the mirror reflectivity for the idler wave is varied.  
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3.4. Optical damage 
 
        Optical damage in parametric oscillator is a most important issue. Damage can occur 
both in the nonlinear crystal and the mirror coatings [14-16]. In fact, damage in the crystals 
was one of the major factors that impeded the development of optical parametric oscillators 
for many years. With the variety of high power pump source currently available, reaching 
oscillation threshold is not major problem for a number of nonlinear crystals. On the other 
hand, the achievable efficiency of the OPO’s is often still limited by the damage threshold of 
the crystals and the mirror coating rather than the available pump laser energy [10].  
        Damage in mirror coating remains a serious problem especially if the pump wavelength 
is in the uv. In the simplest pumping configuration for an optical parametric oscillator, the 
pump beam is induced into and passed out of the cavity through the end mirrors of the cavity 
as shown schematically in Figure 3.1. Thus, the end mirrors must transmit at the pump 
wavelength and reflect at the signal wavelength [10]. For the uv spectral region, because the 
damage threshold of mirror coating tend to be lower for uv-transmitting and visible reflcting 
mirrors than for uv-reflecting but visible- and IR transmitting mirror, it is sometimes 
advisable to avoid coupling the pump light in through the Faabry-Perot cavity end mirrors of 
the OPO oscillators. Instead, the pump light can be coupled into and out of the cavity through 
a pair of intracavity “pump-steering” mirrors as shown schematically in Figure 3.4. These 
mirrors transmit at the signal wavelength and reflect the pump beam at an angle to the signal 
wave propagation. 
        To avoid damages, it is obviously important that the beam profile be smooth and there 
is no hot spot in the pump beam. Hot spots can also lead to poor collimation of the pump 
beam which will in turn lead to unintended broadening of the OPO output line width. Spatial 
filtering or injection locking of the pump beam to high –quality seed beam are commonly 
used methods to smooth out the beam profile. Because OPO is scalable, to avoid mirror and 
crystal damage due to high average intensity, one can always make the beam size larger at 
high power levels [10].   
 
3.5. Near infrared optical parametric oscillator 
materials 
 
        The OPO, first introduced in 1965, has been studied, for a long time, as a prospective 
tunable solid-state laser source over wide spectral regions. Unfortunately, a variety of 
nonlinear materials were used to have many limitations in the past. Recent progresses of 
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nonlinear materials, however, have improved the performances of OPOs as practical tunable 
sources. In this section, the optical properties of conventional nonlinear materials are 
reviewed.  
        Potassium Titanyl Phosphate [KTiOPO4 (KTP)] is a promising  crystal, and it is widely 
used as a frequency-doubler for diode pumped 1 m solid-state lasers, for instance, a 
Nd:YVO4 laser and other neodymium-doped lasers. The KTP exhibits a large nonlinearity, a 
relatively high damage threshold (~15 J/cm²) as well as excellent thermal properties [17-20].  
 
 
 
Figure 3.7 Chemical structure of KTiOPO4 crystal [20] 
 
       In practice, the KTP is useful at room temperature to generate 532 nm green output by 
1064 nm pumping, however, it suffers frequently from photochromic damage (called grey 
tracking) for high-power 1064 nm second-harmonic generation, thereby limiting its use for 
low- and mid-power systems. The KTP is also frequently used to develop high power near-
infrared optical parametric oscillator in a wavelength region up to 4 µm due to its high 
damage threshold and large crystal aperture. KTP with orthorhombic crystal structure 
exhibits three times higher second harmonic generation (SHG) coefficient than that of KDP 
(KD2PO4). 
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 However, the walk-off effects arising from high degree of birefringent in the KTP limit 
its use for several applications. 
        
 
 
Figure 3.8 Chemical structure of LiB3O5 crystal [22] 
 
      A nonlinear crystal Lithium triborate (LiB3O5) LBO was discovered and developed 
by Fujian Institute of Research on the Structure of Matter (Japan), Chinese Academy of 
Sciences (China) [21-25]. As shown Fig 3.8, the LBO crystal shows high transmission in a 
wide wavelength range from 160nm to 2600nm (see Figure 3.9), moderately high nonlinear 
coefficient, extremely high damage threshold, as well as 
desirable chemical and mechanical properties. The LBO is often employed for high power 
second harmonic generation of 1 m lasers and OPO of both Type 1 and Type 2 phase-
matching, for example of Nd:YAG lasers (1064 nm → 532 nm or 532 nm → ~1064 nm). 
Also, LBO enables non-critically phase-matching, which allows to preform high quality and 
high power SHG and OPO without any walk-off effects. 
All in all, LBO crystal is an excellent candidate for near infrared OPO. 
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Figure 3.9 Transparency curve of LiB3O5 [26] 
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Chapter 4 
 
4.  Widely-tunable vortex output from 
a singly resonant optical parametric 
oscillator 
 
4.1. Introduction 
 
        Optical vortices, associated with a helical wavefront characterized by an azimuthal 
phase term, exp(il) (where l is an integer termed the topological charge), carry a annular 
spatial form and an orbital angular momentum (OAM) of lħ. [1-4], have potential 
applications in a variety of fields, such as optical manipulations [5-8], space-division 
multiplexing telecommunications [9, 10], materials processing [11, 12], super-resolution 
microscopy [13-15], quantum information [16], and nonlinear spectroscopy [17]. In 
particular, optical vortex lasers enable the twisting of materials to create chiral structures on 
the nanoscale [18-20]. Such chiral nanostructures, which are difficult to fabricate even by 
utilizing advanced chemical techniques, will potentially open new avenues in chiral materials 
science, such as selective identification of the circular dichroism of molecules and chemical 
composites. 
        However, the lasing frequency of the optical vortices generated by conventional spiral 
phase plates typically used in previous studies, is restricted to set specified frequencies [21, 
22]. Tunable optical vortex sources with wavelength versatility, allowing the absorption band 
of target materials to be matched, are greatly desired for the above-mentioned applications. 
        Recently, we have developed a tunable 2-μm vortex laser formed from a 1.064-μm 
optical vortex pumped KTiOPO4 (KTP) optical parametric oscillator (OPO) with a stable 
cavity configuration [23, 24]. We have demonstrated a widely tunable mid-infrared (6.3–12 
μm) optical vortex laser based on the 2-μm optical vortex parametric oscillator in 
combination with a difference-frequency generator formed from a nonlinear ZnGeP2 (ZGP) 
crystal [25]. This is the first reported moderate pulse energy, tunable near-infrared optical 
 52 
laser that can be applied as a base source in materials processing. 
        In this study, we report on a widely tunable vortex laser based on a singly-resonant OPO 
formed from a non-critical phase-matching LiB3O5 (NCPM-LBO) crystal. With this system, 
a millijoule-level vortex pulse was obtained within a wavelength region of 850–990 nm and 
1130–1300 nm [26]. 
 
4.2. Singly resonant cavity configuration 
 
        Conservation of orbital angular momentum (OAM) in nonlinear frequency up-
conversion processes, such as second harmonic generation [27, 28] and sum frequency 
generation [29], has been well established. However, for the conservation of OAM in an 
optical parametric down-conversion process, it remains an open question as to how the orbital 
angular momentum of the pump beam is divided between the signal and idler outputs. 
        In our previous studies of 2-μm vortex lasers based on a 1-μm optical vortex pumped 
OPO with a plane parallel cavity configuration [30], the cavity acted as a doubly-resonant 
cavity for both signal and idler outputs, thereby generating a fractional vortex, formed of 
coherently coupled Gaussian and vortex outputs. In a 1-μm optical vortex pumped OPO with 
a stable cavity configuration, the large walk-off effects of the KTP crystal prevent vortex 
mode operation of the idler output (a low frequency output with extraordinary polarization). 
Hence a singly-resonant cavity for the signal output (a high-frequency output with ordinary 
polarization) is used to encourage vortex mode operation of the signal output. The resulting 
tuning bandwidth (range) was measured to be ~200 nm (1953–2158 nm). 
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Fig. 4.1 (a) Vortex pumped NCPM-LBO parametric oscillator with a linear cavity 
configuration. (b) Self-referenced laterally-sheared interferometry formed of a transmission 
grating. 
         
        A type-I, non-critical phase-matching LiB3O5 (NCPM-LBO) crystal, a conventional 
nonlinear crystal for 1-μm OPO with less walk-off effects, produces signal and idler outputs 
with the same polarization. Thus, the NCPM-LBO OPO, pumped by a first order optical 
vortex with a topological charge l of 1, easily establishes a doubly-resonant cavity for the 
signal and idler outputs and encourages the signal and idler outputs to lase in a mixed mode 
(incoherent coupling between Gaussian and first-order vortex modes) by utilizing a stable 
cavity configuration.  
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Fig. 4.2 (a) Spatial form and (b) self-referenced fringes of the pump beam. (c) Spatial form 
and (d) self-referenced fringes of the signal (950 nm) output and (e) spatial form and (f) self-
referenced fringes of the idler (1209 nm) output from a vortex pumped NCPM-LBO 
parametric oscillator with a linear cavity configuration [26] 
 
        In fact, an OPO with a linear cavity configuration [see Fig. 4.1(a)] permitted double 
resonance for the signal and idler outputs, and forced the laser to operate in mixed mode, 
evidenced by an intensity profile with a shallow dip and a pair of Y-shaped fringes with a low 
modulation depth arising from incoherently spatial overlap between Gaussian and first-order 
vortex (with a topological charge l of 1) modes. 
        Figure 2 shows the experimental spatial forms and wavefronts of the pump, signal and 
idler outputs. The wavefronts of the pump, signal and idler outputs were observed by laterally 
sheared interferometry [Fig. 4.1(b)] using a transmission grating with a low spatial frequency 
(10 lines/ mm), in which the positive and negative first order diffracted beams of the signal 
(or idler) output were selectively collected by a spatial filer and a lens on a CCD camera to 
form a self-referenced interferogram. 
        To establish vortex-mode operation in the NCPM-LBO OPO, it is necessary to design a 
singly-resonant cavity for the signal or idler output, in which the nonlinear interaction 
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between the signal (or idler) and pump electric fields forces the oscillation of the signal (or 
idler) output. The nonlinear optical parametric gain can then be determined by the spatial 
overlap efficiency η between the signal (or idler) and pump electric fields, written as a 
following formula (1): 
 
 
                                                                                                                   4.1  
 
         
        Where Es and Ep are the electric fields of the signal (or idler) and pump beams, and ls 
and lp are the topological charges of the signal (or idler) and pump beams, respectively. This 
relationship indicates that an OPO with a singly-resonant cavity configuration for the signal 
(or idler) output allows the signal (or idler) output to lase at the vortex mode with the same 
topological charge as that of the pump beam. The resulting idler (or signal) output is forced 
to lase at a Gaussian mode. To encourage the vortex mode oscillation in the NCPM-LBO 
OPO, a singly-resonant cavity configuration utilizing an internal folding mirror is proposed. 
 
4.3. Experiments 
 
        Figures 4.3(a) and 4.3(b) show a schematic diagram of an OPO with an internal folding 
mirror. 
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Fig. 4.3 Experimental setup for a 1-μm vortex pumped singly-resonant NCPM-LBO OPO 
showing singly-resonant cavities for the (a) signal and (b) idler outputs.  
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        A frequency-doubled Q-switched Nd:YAG laser (pulse width: 25 ns; PRF: 50 Hz; 
wavelength: 0.532 μm; maximum pulse energy: 9 mJ) was used as a pump laser. Its output 
was converted to be a first-order optical vortex with a topological charge, l, of 1 by utilizing 
a continuous spiral phase plate (RPC Photonics, VPP-1c).  
        The first-order optical vortex beam was collimated to a 750 μm spot size and was 
incident on cascaded LBO crystals. The singly-resonant cavity for the signal output was 
formed from a flat input mirror with high transmission (HT) for 532 nm and high reflectivity 
(HR) for 980 nm, a folding mirror with HR for <980 nm (signal) and HT for >1180 nm 
(idler), and an 80% reflective output coupler for 980 nm [Fig. 4.3(a)]. The cavity for the idler 
output was also formed from a flat input mirror and a 60% reflective output coupler for 1180 
nm [Fig. 3(b)]. The spatial forms and self-interference fringes of the signal and idler outputs 
were then observed by a conventional digital CCD camera. The length of both cavities was 
~200 mm. 
        Cascaded NCPM-LBO crystals (θ=90º, φ=0º) with dimensions of 30×3×3 mm3 were 
employed to increase the parametric gain and narrow the lasing spectrum bandwidth of the 
signal and idler outputs. The crystals were mounted on an oven to control and maintain the 
crystal temperature. With this system, the wavelengths of the signal and idler outputs could 
be tuned by changing the crystal temperature. The lasing wavelength bandwidth of the signal 
and idler outputs was measured to be < 1.5 nm, even near the degenerate condition. 
 
4.4. Results and discussions 
 
        As shown Fig. 4.4, a tunable vortex output with a topological charge l of 1 was obtained 
in a wavelength range of 850–990 nm and 1130–1300 nm by controlling the temperature of 
the LBO crystals. An asymmetric transfer of the topological charge from the pump beam to 
the signal (idler) output was established. A maximum signal (idler) vortex pulse energy of 
0.9 mJ (0.2 mJ) was achieved at a pump energy of 9 mJ, corresponding to an optical-optical 
efficiency of 10% (2%).  
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Fig. 4.4 Experimental tunability of vortex signal (or idler) output [26] 
 
 
 
Fig. 4.5 Power scaling of signal and idler outputs in OPOs with cascaded LBO and without 
cascaded LBO [26] 
 
 59 
        Figure 4.5 shows the power scaling of the signal output at a wavelength of 970 nm. The 
signal and idler outputs exhibited a mixed-mode spatial form within a wavelength region of 
990–1130 nm, arising from their double resonance. A narrowband folding mirror with high 
reflectance for the signal output and high transmittance for the idler output will allow us to 
fill the wavelength gap of the vortex mode generation seen in the wavelength region of 990–
1130 nm. In a LBO-OPO without cascaded LBO crystals, the tunability of the vortex output 
was limited to a wavelength region of 930–1250 nm. The wavelength gap (980–1170 nm) for 
vortex mode generation was also relatively wide owing to the low parametric gain. The 
maximum signal (idler) vortex pulse energy was limited to 0.39 mJ (0.08 mJ), even at the 
maximum pumping level, corresponding to an optical efficiency of 4.5% (1%). 
 
 
 
Fig. 4.6 (a) Spatial form and (c) self-referenced fringes of the signal output, and (b) spatial 
form and (d) self-referenced fringes of the idler output generated from an NCPM-LBO OPO 
with a singly-resonant cavity configuration for the signal output. (e) Spatial form and (g) 
self-referenced fringes of the signal output, and (f) spatial form and (h) self-referenced 
fringes of the idler output generated from an NCPM-LBO OPO with a singly-resonant cavity 
configuration for the idler output.  
 
        Figure 4.6 shows the spatial forms and self-referenced interference fringes of the signal 
and idler outputs. An OPO with a cavity configuration for signal output forced the signal 
output to lase in vortex mode [Fig. 4.6(a)]. The wavefront of the signal output shows a pair 
of Y-shaped fringes [Fig. 4.6(c)], indicating that the topological charge of the pump beam 
was selectively transferred to the signal. In fact, the idler output exhibited a Gaussian spatial 
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form [Fig. 4.6(b)] without any phase singularities. Also, notice that the handedness of the 
signal output is identical with that of the pump beam [see Figs. 4.2 (a) and (b)]. For an OPO 
with a cavity configuration for idler output, the idler output was permitted to lase in vortex 
mode [Fig. 4.6(f)] with the same handedness as that of the pump beam [Fig. 4.6 (h)] and, 
resulting in the production of a Gaussian signal output [Fig. 4.6(e)] and [Fig. 4.6(g)].  
        These results indicate that the singly-resonant cavity configuration in an NCPM-LBO 
optical parametric oscillator enables us to selectively transfer the topological charge of the 
pump beam to the signal or idler output.  
 
4.5. Conclusion 
 
        We have successfully demonstrated a widely tunable 1-μm optical vortex laser formed 
of a 0.532-μm optical vortex pumped optical parametric oscillator formed of non-critical 
phase matching LiB3O5 crystals with a singly-resonant cavity configuration. Asymmetric 
topological charge transfer from the pump beam to the signal or idler output occurred, 
resulting in a tuning range of 850–990 nm and 1130–1300 nm. The maximum signal vortex 
output energy of 0.9 mJ was obtained at a pump energy of 9 mJ. 
        This system will be extremely useful in various fields, e.g., as a pump source for 3–5-
μm tunable optical vortex generation, and it can be extended to generate mid-infrared to 
terahertz vortex output by utilizing a nonlinear crystal ZnGeP2 or LiNbO3 [31] for difference 
frequency generation.  
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Chapter 5 
 
5.  Octave-band tunable optical vortex 
parametric oscillator  
 
5.1.  Introduction 
 
        Orbital angular momentum, which is characterized by an azimuthal phase term exp(il), 
where l is an integer called the topological charge and is the azimuthal angle, is carried by 
helical light, i.e., optical vortices [1-4]. Optical vortices have attracted much attention in a 
variety of research areas, e.g., optical tweezers and manipulations [5-7], quantum optics [8-
11], large-capacity optical telecommunication [12-14], nonlinear spectroscopies [15, 16], 
microscopies with high spatial resolution beyond the diffraction limit [17-19], and materials 
processing [20-25]. Additionally, in recent years it has been discovered that the orbital 
angular momentum of optical vortices can twist materials such as metal, silicon, and azo-
polymer to create chiral nanostructures [26-29]. 
        Wide wavelength tunability of optical vortex sources is highly desirable for the 
aforementioned applications, because this would enable matching of the lasing frequency to 
the absorption bands of the materials being studied. However, the conventional phase 
modulation elements typically used to generate optical vortices, such as spiral phase plates 
and spatial light modulators, are designed for certain wavelengths, so that the frequency of 
the optical vortices is more or less fixed. Nonlinear frequency conversion techniques 
including second harmonic generation [30-32], sum-frequency generation [33, 34], optical 
parametric generation [35, 36], and stimulated Raman scattering [37, 38] are promising 
techniques to expand the range of available frequencies for optical vortex sources. 
        In fact, we have successfully demonstrated a tunable (1953–2158 nm) optical vortex 
laser constructed from a 1-m vortex pumped optical parametric oscillator (OPO) by 
employing cascaded KTiOPO4 (KTP) crystals [39]. Most recently, we have also 
demonstrated a widely tunable near-infrared (NIR) optical vortex source constructed from a 
532 nm optical vortex pumped singly resonant OPO with a folding cavity configuration by 
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employing cascaded noncritical phase-matched LiB3O5 (LBO) crystals [40]. This system, 
where the orbital angular momentum of the pump beam is selectively transferred to the signal 
(idler) beam, allows us to generate a vortex output of 850–990 nm (1130–1300 nm). However, 
their tuning ranges are limited by the angle tuning of KTP, large walk-off effects, and 
insertion loss of the folding mirror. 
        In this paper, we report on the first demonstration of an octave-band tunable optical 
vortex laser constructed from an optical vortex pumped OPO with a simple linear cavity 
configuration. The optical vortex pulse energy of this system is over 2 mJ from 735 to 1903 
nm, although there is a wavelength gap of 990–1130 nm in the vortex mode generation [41]. 
 
5.2. Experimental setup 
 
        The tunable optical vortex laser system is illustrated in Fig. 5.1(a). A 532 nm 
conventional frequency-doubled Q-switched Nd:YAG laser (pulse duration: 25 ns; repetition 
rate: 50 Hz; maximum pulse energy 9 mJ; spatial form: nearly Gaussian) was used as a pump 
source, and its output was converted into a first-order optical vortex with l = 1 by utilizing a 
spiral phase plate (RPC Photonics, VPP-1c). The collimated first-order optical vortex beam 
(spot diameter: 1.1 mm) was delivered toward the OPO consisting of two cascaded 
noncritical phase-matched LiB3O5 (NCPM-LBO) crystals (θ=90º, φ=0º, 30×3×3 mm3) 
mounted on an oven, yielding high-gain and narrowband parametric emission. The 
wavelengths of the signal and idler were tuned by controlling the temperature of the LBO 
crystals. 
        A singly resonant cavity for the signal beam (<1064 nm) consisted of a flat input mirror 
with high transmission (HT) at 532 nm and high reflectivity (HR) at 800 nm, and an 80% 
reflective output coupler (OC) for 800 nm with a radius of curvature of 500 mm. The output 
coupler was mounted on a one-dimensional translation stage, so as to allow the cavity length 
to be varied. The signal and idler (>1064 nm) beams were separated by a dichroic mirror (HR 
at <990 nm, HT at >1180 nm), and their spatial forms were measured by a near infrared 
InGaAs camera. 
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Fig. 5.1 Experimental setup of the 532 nm optical vortex pumped OPO with LBO crystals 
with a linear cavity configuration. (b) Self-referenced laterally-sheared interferometry by 
employing a transmission grating with a low spatial frequency. 
 
        To assign the topological charge of the signal and idler, a self-referenced interferometric 
measurement was also carried out by employing a transmission grating (spatial frequency: 
10/mm). As shown in Fig. 5.1(b), the plus and minus first-order diffracted beams were 
selectively filtered, and they were delivered by a lens onto the camera, thereby producing a 
self-referenced laterally sheared interferogram. 
 
5.3. Results and discussion  
 
        Figures 5.2(a) and 5.2(b) respectively show the measured spatial mode and wavefront 
of the pump vortex beam with l = 1 for the NCPM-LBO OPO. 
        A stable compact cavity (effective cavity length ~215 mm) for the signal beam enabled 
 66 
lasing of the signal in a vortex mode with an annular intensity profile due to a phase 
singularity (Fig. 5.2(c)). The signal beam carried an orbital angular momentum of l = 1, as 
evidenced by a pair of upward and downward Y-shaped fringes (Fig. 6.2(d)). The idler beam 
had a Gaussian spatial form without any phase singularity (Figs. 5.2(e) and 5.2(f)). These 
results indicate that the topological charge of the pump beam is selectively transferred to the 
signal beam, as discussed in our previous publication [40]. The wavelengths of the signal and 
idler were measured to be 900 nm and 1300 nm, respectively. 
        Upon increasing the cavity length (effective cavity length within 300–330 mm), the 
signal and idler beams transformed into a mixed mode, as evidenced by an intensity profile 
with a shallow central dip arising from incoherent spatial overlap between Gaussian and first-
order optical vortex modes (Figs. 5.2(g)–5.2(j)). Further extension of the cavity prevented 
generation of the signal beam with the vortex mode, and thus it exhibited a Gaussian spatial 
mode without any phase singularities (Figs. 5.2(k) and 5.2(l)). Instead, the idler beam 
exhibited the vortex mode owing to an asymmetric topological charge transfer from the pump 
beam. In fact, the idler beam exhibited a first-order phase singularity, as evidenced by a pair 
of upward and downward Y-shaped fringes (Figs. 5.2(m) and 5.2(n)) that appeared when the 
effective cavity length was ~435 mm. 
 
 
 
Fig. 5.2 (a, c, e) Spatial forms and (b, d, f) fringes of the pump, signal (900 nm), and idler 
(1300 nm) outputs, respectively, in a compact liner cavity configuration. (g, i) Spatial forms 
and (h, j) fringes of the signal and idler outputs, respectively, for a cavity length of 315 mm. 
(k, m) Spatial forms and (l, n) fringes of the signal and idler outputs, respectively, in an 
extended linear cavity configuration (~435 mm) [41].  
 
 67 
 
 
Fig. 5.3 Experimentally estimated Fresnel number of the OPO versus an effective cavity 
length. Insets present the spatial forms of signal (900 nm) and idler (1300 nm) outputs. The 
compact (extended) cavity forces the signal (idler) output to operate at the vortex mode [41]. 
 
        Such transformation of the spatial and idler beams can be understood through the Fresnel 
number F, which characterizes the stability of the higher-order mode: 
 
                                       𝐹 =
𝑎2
𝐿𝜆
                                                            (1) 
 
        Where 𝑎 is the aperture size (0.55 mm) of the cavity (e.g., radius of the pump beam), 𝜆 
is the wavelength of the signal beam, and L is the effective cavity length, respectively. The 
value of F is inversely proportional to the effective cavity length, and it is estimated to be 
0.86–1.76 over an effective cavity length range of 435–215 mm (see Fig. 5.3). 
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        Thus, a stable compact cavity with a larger F allows the signal beam to lase at a higher-
order mode such as a vortex mode, resulting in transfer of the topological charge of the pump 
beam to the signal beam. Under these conditions, the idler beam exhibits a Gaussian spatial 
form without any phase singularities. 
In contrast, an extended cavity (effective cavity length ~435 mm) with a low F (<1) prevents 
the signal beam to lase at the higher-order mode (vortex mode) owing to a large diffraction 
loss for the higher-order mode. In fact, the signal and idler beams exhibited Gaussian and 
annular spatial forms, indicating that the topological charge of the pump beam was 
transferred to the idler beam. Thus, the topological charge can be selectively transferred from 
the pump beam to either the signal or idler simply by shortening or extending the linear cavity. 
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Fig. 5.4 Power scaling of signal and idler outputs in (a) compact and (b) extended cavity 
configurations [41]. 
 
        Figures 5.4(a) and 5.4(b) show the power scaling of a 900 nm signal and 1300 nm idler 
outputs measured for the compact and extended cavity configurations, respectively. In the 
case of the compact cavity, a maximum signal vortex output energy of 1.75 mJ was measured, 
corresponding to a slope efficiency of 26.6%. When the cavity was extended, a maximum 
idler vortex pulse energy of 1.03 mJ was obtained, corresponding to a slope efficiency of 
16%. 
        In addition, the optical vortex output could be tuned from 735 to 990 nm (signal) and 
1130 to 1903 nm (idler) by controlling the temperature of LBO crystals, as shown in Fig. 5.5. 
An optical vortex pulse energy of 0.24–2.36 mJ was then obtained at a pump energy of 9 mJ, 
corresponding to an optical-optical efficiency of 0.3–26%. Note that the vortex output was 
unavailable from 990–1130 nm (wavelength gap) due to a double resonance (1020 nm and 
 70 
1110 nm) of the signal and idler, both of which exhibited a mixed-mode spatial form (Figs. 
5.6(a) and 5.6(b)) within this wavelength region, as mentioned in our previous publication 
[40]. 
 
 
 
 
Fig. 5.5 Experimentally tunability of the vortex signal and idler outputs [41]. 
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Fig. 5.6 Spatial forms of the signal (a) and (b) idler beams within a wavelength region of 
1020–1110 nm in a doubly resonant cavity [41].    
 
5.4. Conclusion 
 
        We have successfully demonstrated, for the first time, an octave-band tunable optical 
vortex laser with milli-joule level pulse energy (0.24–2.36 mJ) constructed from a 532 nm 
vortex pumped NCPM-LBO OPO with a simple linear cavity configuration. Asymmetric 
topological charge transfer took place from the pump beam to the signal or idler beams, 
resulting in tuning ranges of 735–990 nm and 1130–1903 nm, respectively. In future work, 
this system will be extended to generate a mid-infrared (2–8 μm) tunable optical vortex 
output by utilizing difference frequency generation [42]. Moreover, the wavelength gap 
(990–1130 nm) for the vortex output caused by a double resonance of the signal and idler 
will be “filled in” by utilizing an output coupler with a narrow-band HR coating. 
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Chapter 6 
 
6. Conclusion 
 
       In this last chapter, the key results of the experimental and numerical works presented 
in this thesis are summarized. I discovered that a singly resonant cavity can transfer 
selectively the orbital angular momentum of the vortex pump beam to the signal (or idler) 
output, the second order nonlinear interaction between a signal (or an idler) and pump electric 
fields (not intensity profiles) forces the oscillation of the signal (or idler) output. Thereby 
developing successfully an octave-band tunable optical vortex laser source in visible - mid-
infrared region by employing optical vortex pumped optical parametric oscillator. Finally, 
the potential avenues of future work will be briefly explored. 
 
6.1.  Thesis summary 
 
       Optical vortex pulse having a helical (twisted) wavefront, exhibiting an orbital angular 
momentum owing to the phase singularity on its center of the intensity distribution, have 
been investigated in many fields, such as optical tweezers, spectroscopy and optical trapping 
[1-4]. In particular, the optical vortex light can twist materials to form the chiral 
nanostructures. Such chiral nanostructures will enable us to assign the chirality and optical 
activity of molecules and chemical composites on a nanoscale, and they may allow the chiral 
selectivity for nanoscale imagers [5, 6]. 
       In my Ph.D study I mainly focus on the nonlinear frequency extension of the optical 
vortices, in particular, optical parametric down conversion of the optical vortices. 
Conservation of orbital angular momentum in optical parametric down conversion of optical 
vortices gives us an open question, i.e., how does signal and idler outputs shared the orbital 
angular momentum of pump vortex beam? 
       Frist of all, I have successfully demonstrated a tunable near-infrared (NIR) optical 
vortex output from 0.532 μm optical vortex pumped singly resonant optical parametric 
oscillator (OPO) by using cascaded non-critical phase matching LiB3O5 (LBO) crystals [7]. 
With this system, the orbital angular momentum of the pump beam is selectively transferred 
to the signal (or idler) output, resulting in that a vortex output could be obtained in the 
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wavelength region of 850–990nm (or 1130-1300nm). A maximum vortex output energy of 
0.9 mJ was obtained at a pump energy of 9 mJ, corresponding to an optical-optical efficiency 
of 10%. 
       Secondly, I have successfully demonstrated, for the first time, an octave-band 
tunable optical vortex laser with milli-joule level pulse energy (0.24–2.36 mJ) constructed 
from a 532 nm vortex pumped NCPM-LBO OPO with a simple linear cavity configuration 
(without folding mirror). Asymmetric topological charge transfer took place from the pump 
beam to the signal or idler beams, resulting in tuning ranges of 735–990 nm and 1130–1903 
nm, respectively. 
 
6.2. Future work 
 
       In this study, I have investigated the mechanism of the topological charge transfer in the 
optical vortex pumped optical parametric oscillator. It can provide us a scientific aspect that 
the anisotropic topological charge transfer from the pump beam to the signal output is due to 
the spatial overlapping (spatial nonlinear interaction) between the pump and signal electric 
fields.  
 
6.2.1. Fill up frequency gap (990-1130nm) 
 
       As I mentioned in thesis summary I have fully understand transfer mechanism of 
topological charge of the pump beam to signal or idler outputs in both singly resonant optical 
parametric laser system and optical vortex pumped compact or extended cavity 
configuration. In both case we still have to face problem that we can’t avoid frequency gap 
from 990nm to 1130nm region for the vortex output caused by a double resonance of the 
signal and idler.  
       So, my first future plan is “filled in” this wavelength gap (990–1130 nm) by utilizing a 
spatial dichroic mirror, which has a very high reflectivity for signal output wavelength 
(λS<1050nm) and very high transmission for idler output wavelength (λI<1070nm) to fill up 
this frequency region, or increase pump energy introduce optical parametric oscillator by 
exchange pump laser source from flash lamp laser to “Laser Diodes” pump source (it is 
output energy 30 mJ, three times longer than our previous flash lamp pump energy). 
 
6.2.2.  Extend output frequency to mid-infrared 
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region 
 
       As we know material applications require strongly the wavelength versatility of the 
optical vortices. Frequency extension is one of the most hot research topic, in this case we 
have two solutions:  
First one could be increase non-critical phase matching LiB3O5 crystal (3×LBO), we hope 
we can extend present frequency of optical vortex output. 
Second possibility is extended to generate a mid-infrared (2–8 μm) tunable optical vortex 
output by utilizing difference frequency generation [8, 9]. 
 
6.2.3. Direct generation of a tunable fractional 
vortex from an optical parametric oscillator 
 
       Fractional optical vortex with a non-integer topological charge, m, is distinguished from 
that with an integer topological charge in terms of the intensity distribution, which exhibiting 
a unique fractional radial opening low intensity gap on it is beam profile. The above 
mentioned unique property of fractional vortex has been investigated for many fields such as 
an optical tweezing [10, 11], optical physics, optical manipulating of microscopic particles 
and quantum entanglement of photon and quantum information [11]. In particular, it will also 
potentially allow us to create a split-ring resonator on material used for meta-materials.  
         
 
 
Fig 6.1 Experimental setup for LBO-OPO pumped by a 532nm optical vortex. 
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Fig 6.2 Experimental tenability of fractional vortex output 
 
       Until now we performed the direct generation of a 1μm fractional vortex output from a 
0.5μm optical vortex pumped non-critical phase-matching LiB3O5 (NCPM-LBO) optical 
parametric oscillator without any walk-off effects (experimental setup showed in Fig 6.1).  
       Resulting wavelength tunability of the fractional optical vortex output realized by 
controlling the temperature of the LBO crystals. As shown in Fig 6.2 the lasing frequencies 
of signal and idler outputs were tuned in the ranges of 922-1020 nm and 1258-1112nm, 
respectively. Maximum output energy of 0.95mJ corresponding to the optical-optical 
efficiency of 10 % was also achieved. However the large acceptance angle of the LBO crystal 
prevent the fractional vortex efficiently lasing near the degenerate area. 
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Fig 6.3 Spatial form of fractional vortex signal (a-c) and idler (d-f) outputs. 
 
       Fig 6.3 Showing spatial forms of the signal and idler outputs at three different 
wavelengths. Signal wavelength of 965nm (a), 950nm (b) and 935nm (c), corresponding idler 
wavelength of 1186nm (d), 1209nm (e) and 1234nm (f), respectively. As shown in the image, 
the both signal and idler outputs exhibit the radial opening low intensity gap on its intensity 
profiles, evidencing that the signal and idler outputs are fractional optical vortex having a 
non-integer topological value.  
       The topological charge of the pump beam was sharing between the signal and idler 
outputs. With this system, a topological charge sharing of the pump beam between the signal 
and the idler outputs was directly observed. 
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       To understand fully mechanism of a fractional optical vortex generation from an optical 
vortex pumped optical parametric oscillator, I would like to develop a 532nm vortex pumped 
OPO with a plane parallel cavity configuration. I also got beautiful signal and idler beam 
profile (935-1234nm), Next, I will investigate to the wavefront of the both outputs by using 
Michelson interferometer techniques. 
       In an optical parametric down conversion process, the photon energy and momentum 
among pump, signal and idler outputs must be conserved. In addition, the orbital angular 
momentum also need to be conserved. So, I am planning to pay more and more attention to 
check the signal and idler output photon energy. After that I will apply the quantitative 
measurement to estimate the effective value of the orbital angular momentum of the 
fractional vortex signal and idler outputs, by utilizing the orbital angular momentum 
spectrum analyzer, and to make sure the quantum number conservation law in the LBO 
optical parametric oscillator. 
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